Inhalation of fibrogenic particles causes injury to the bronchiolar-alveolar epithelium. Consequently, there is a rapid proliferative response as the epithelium recovers and interstitial mesenchymal cells divide and produce connective tissue. In our model of brief (5-hr) exposure to chrysotile asbestos (-1000 fibers/cc) in rats and mice, these events result in focal scarring at the bronchiolar-alveolar duct junctions in a histopathologic pattern identical to that seen in asbestos-exposed individuals. After 3 consecutive days of exposure, these lesions persist for at least 6 months postexposure. We postulate that cell proliferation and production of extracellular matrix is mediated in large part by three peptide growth factors, transforming growth factors alpha and beta (TGF-c and -P), and platelet-derived growth factor (PDGF) A-and B-chains. To test this hypothesis in part, we have asked whether the genes that code for these growth factor proteins are activated at sites of asbestos-induced lung injury. If these genes were not activated, it would be reasonable to suspect that other potent growth factors and cytokines released during lung injury could be the primary mediators of fibroproliferative lung disease. In the studies reported here, we show, by in situ hybridization (ISH) and immunohistochemistry, that the four genes and their concomitant proteins are expressed within 24 hr in the bronchiolar-alveolar epithelium and underlying mesenchymal cells. RNase protection assay and ISH showed that the PDGF gene was upregulated during the first 5 hr of exposure and all the gene products remained above control levels for at least 2 weeks postexposure. TGF-a is a potent mitogen for epithelial cells, whereas the PDGF isoforms are potent growth factors for mesenchymal cells. TGF-j retards fibroblast growth but stimulates extracellular matrix synthesis. Further studies using gene knockouts, appropriate antibodies, or antisense technology will be necessary to prove whether any of the growth factors are playing a significant role in fibrogenic lung disease. In addition, we have carried out a series of studies using type 11 alveolar epithelial cells purified from adult mouse lungs and maintained for up to 8 weeks in serum-free culture. These cells exhibit high transepithelial resistance values and they release TGF-,1 and -P2. This cell type also has been cultured from TGF-a knockout mice, resulting in monolayers with increased transepithelial resistance.This combination of studies in vivo and in vitro will allow us to pursue the mechanisms through which growth factors mediate lung fibrosis. Environ Health Perspect 1 05(Suppl 5):1 165-1171 (1997) 
Introduction
We have been studying the pathogenesis of monary fibrosis (1, 2) . If investigators can asbestos-induced lung disease as a paradigm establish the interacting factors that mediate for understanding the biochemical and the fibroproliferative process, it might then molecular mechanisms of interstitial pul-be possible to develop effective therapeutic strategies where none now exist. Our approach to this long-standing problem is 3-fold: a) brief exposure (1-5 hr) of normal rats and mice to high concentrations (1000-5000 fibers/cc) of chrysotile asbestos fibers in order to induce a fibrogenic response and follow the temporal and anatomic patterns of selected growth factor genes and proteins; b) exposure of genetically defined and gene knockout mice to the asbestos aerosol in order to focus on the potential roles of specific growth factors; and c) long-term culture of alveolar epithelial cells from normal and genetically defined mice to test our working hypothesis that epithelial-derived growth factors contribute to the fibroproliferative process. Following is a summary of some of our ongoing work in these three approaches to understanding the mechanisms of interstitial pulmonary fibrosis.
Results and Discussion

In Vivo Exposures
Inhaled asbestos fibers that pass through the airways deposit initially at the bronchiolar-alveolar duct (BAD) regions (1) (2) (3) . Our previous studies (4, 5) and several from other laboratories (6, 7) show that the fibers induce proliferation of epithelial and mesenchymal cell populations. These proliferative events can be measured by incorporation of tritiated thymidine (4) or bromodeoxyuridine (6) (7) (8) into DNA, or by immunohistochemical staining of proliferating cell nudear antigen (PCNA) (9) . All the techniques show the same results, i.e., low background proliferative rates in the lungs (-1%), and 5-to 30-fold increases in percentages of dividing cells, depending upon the cell types, proximity to lung injury, and time after exposure. Inasmuch as cell proliferation is essential to repair asbestos-induced injury to the epithelium and to enlarge the interstitial mesenchymal cell population, which produces components of the extracellular matrix, investigators must define which genes and their products are controlling these events. We are attempting to establish whether specific growth factor genes and their proteins are expressed with temporal and anatomic features consistent with a role in the disease process. At the time of this writing, we have positive evidence for the participation of four growth factors in the fibroproliferative process: a) platelet-derived growth factor (PDGF) A-and B-chains, the most potent mesenchymal cell growth factor yet described (10); b) transforming growth factor alpha (TGF-ax), a powerful mitogen for epithelial and mesenchymal cells (11) ; c) TGF-,B, a potent inducer of extracellular matrix proteins by mesenchymal cells and, at the same time, a blocker of mesenchymal and epithelial cell proliferation; (12) and (4) tumor necrosis factor alpha (TNF-a), a prominent mitogen for mesenchymal cells (13) .
Platelet-derived Growth Factors. Using in situ hybridization (ISH) of the mRNAs coding for both the PDGF Aand B-chain proteins, we showed that the genes are expressed primarily in epithelial cells and macrophages in asbestos-exposed rats. In fact, expression was very rapid, with both Northern analysis and ISH demonstrating a strong signal immediately after a 5-hr exposure to chrysotile asbestos. The message for PDGF remained elevated for several weeks postexposure, but only in the BAD regions where fiber deposition, macrophage accumulation, early epithelial injury, and cell proliferation are manifested. There was no message detected at any time in unexposed rats or in control animals exposed to high concentrations of nonfibrogenic iron spheres. Transforming Growth Factor-a. This work has been published (11) and shows a temporal and anatomic distribution similar to that of PDGF except for two interesting differences. First, TGF-a message and protein could not be measured until 24 hr after the 5-hr asbestos exposure. Second, the TGF-a exhibited little interstitial message. Actually, some TGF-ax-positive interstitial cells could be counted at 24 hr postexposure, but this was the only time point that significant numbers of stained cells could be measured in this compartment. Clara cells, type II cells, and macrophages exhibited the most predominant IHC reaction (11) (Figure 2 ).
Transforming Growth Factor-fP. We previously published IHC studies on the distribution of TGF-P in the lungs of rats exposed to chrysotile asbestos for 3 hr (14) . Lung fibroblasts possess three classes of receptors that bind the three main TGF-P isoforms (12, 15) . The new findings shown here demonstrate the expression of mRNA for TGF-1I in the rats exposed to asbestos for 5 hr ( Figure 3) . Again, the distribution of gene expression follows that of the protein shown by IHC. The major difference is the intensity of the message in alveolar epithelial cells and Clara cells of bronchioles in exposed animals. Alveolar macrophages also showed a clear message by ISH. As with our studies on PDGF and TGF-a, there was no detectable TGF-3 signal by IHC or ISH in sham or ironexposed rats.
Exposure of Defined Mouse Strains
Strain Differences In the studies we are beginning to execute on genetically defined transgenic and gene knockout mice, it has become apparent that all strains do not respond in a similar fashion to inhaled agents. We exposed four different strains of mice to the same dose of chrysotile asbestos (as shown by lung digestion and fiber counts) and measured a continuum of severity. The C57 strain exhibited the most severe lesions and the 129 strain was essentially protected from the fibrogenic events of a brief asbestos exposure. knockout was made, and C57BI/6-129 TNF-a-receptor knockouts. In the first analysis, histopathologic review showed that the exposed wild-type and C57 x 129 hybrids exhibited the typical asbestosinduced lesions, just as in the C57 x SJL hybrids reported above. In sharp contrast, the blinded histopathologist could not distinguish the four asbestos-exposed receptor knockout mice from the unexposed controls. Consistent with this finding, levels of BrdU incorporation into dividing cells were approximately 10-fold over normal in the asbestos-exposed C57-strain mice and hybrid mice, whereas the unexposed and knockout animals exhibited normal low levels ofproliferation.
Thus, it appears that TNF-a is playing a key role in early fibroproliferative responses to inhaled asbestos. Whether this factor is important in subsequent events and the mechanisms through which TNFa exerts its influence in the process are the subjects of our ongoing studies. cultured primary rat lung fibroblasts (18) and that asbestos-stimulated macrophages assayed in vitro elaborate elevated levels of PDGF (19) . Using more complex in vitro models, we demonstrated that intact rat epithelial monolayers exclude growth factors, whereas injured monolayers allow translocation of PDGF to underlying cocultured fibroblasts, resulting in fibroblast proliferation (20) . Numerous other laboratories also have utilized in vitro models to understand how inorganic particles interact with cells. Lesur et al. (21) Recently, we added to the rapid progress in this field. We developed an in vitro model of the alveolar epithelium using isolated mouse type II cells. Cells are cultured on a porous membrane support in serum-free medium for up to 8 weeks. It has been demonstrated previously that cultured type II cells organize into continuous monolayers with tight junctions connecting their lateral edges. The integrity of the monolayers and the strength of the junctions within the monolayers can be assessed by measuring electrical resistance across the monolayer. This is achieved by passing lowlevel currents across the monolayers, then measuring the ability of the monolayer to Day Figure 6 . Particles were added to 14-day mouse alveolar epithelial monolayers. Transepithelial resistances were measured and compared to unexposed control monolayers. Only the highest concentration chrysotile asbestos significantly reduced resistances. Latex had no effect on resistances and iron beads appear to stabilize monolayers, preventing the normal decrease observed in controls. production by fibroblasts (12) . In our laboratory, Riva et al. (26) demonstrated that TGF-P1 and -p2, quantified by ELISA of cell-conditioned serum-free medium, are endogenously produced in early mouse type II cell cultures ( Figure 5 ), and the production of TGF-3 by these cells is stimulated when co-cultured with alveolar macrophages. These data indicate that type II cells may be an important source of TGF-P and that macrophages, which increase in number dramatically at the sites of particle-induced injury (1,2,7), may stimulate the production of TGF-P by type II cells.
One powerful feature of this model is that it allows researchers to use cells isolated from genetically defined strains and transgenic mice. For example, in our laboratory, type II cells from TGF-a knockout mice were cultured in serum-free medium and monitored over 4 weeks. Cells from knockout mice attach more rapidly, are 55% larger, and are proportionately less numerous. In addition, transepithelial resistances are consistently elevated, averaging 40% higher than controls, suggesting a possible role for TGF-a in the increased permeability of the alveolar epithelium observed after lung injury.
Similar systems can be used during in vitro investigation of particle-induced fibroproliferative disorders. For example, particles were added to 14-day mouse alveolar epithelial monolayers after peak transepithelial resistances had formed. Resistances were monitored over the following week and compared to control monolayers ( Figure 6 ). Although latex particles (nonmineral controls) had no effect on resistances, iron beads (mineral controls) appeared to stabilize monolayers relative to unexposed controls, and only the highest concentration of chrysotile asbestos that we used significantly reduced transepithelial resistances. Further experiments are underway to establish the mechanisms through which asbestos increases permeability of alveolar epitheliaI cells and influences expression of peptide growth factors and cytokines. These new in vitro models of the lung will allow investigators to isolate direct effects of particles on lung cells, to establish the specific functions of growth factors and other peptides during injury and repair, and finally, to determine the roles of these factors in the progression of chronic lung diseases.
